Sichuan and its surrounding areas
Introduction
This study was performed for the region in the middle section of the North-South Seismic Belt that stretches across two major tectonic provinces, i.e., the eastern and western provinces, in China. The western province is located in Sichuan and contains the Bayan Har and SichuaneYunnan blocks of the QinghaieTibet subplate, which was affected by the structural development of the Himalayas, and the eastern province contains the Sichuan Basin of the South China subplate, which was affected by Pacific structural development. The May 12, 2008 Ms8.0 Wenchuan earthquake caused the seismically quiet Longmenshan fault zone to become seismically active, leading it to become an important area for geological studies [1e4] . Previous researchers analyzed the variation in the difference between the crustal movement field and strain field primarily based on the spatially continuous variations in the GPS rate [5e7] . A spatially continuous deformation field mainly reflects the shallow variations in the local crust and is relatively deficient in revealing the overall characteristics of deformation at depth and the strainestress field of moving crustal blocks.
Some studies have used block movement models to analyze block movement characteristics [8] .
The Ms7.1 Yushu earthquake (April 14, 2010) and Ms7.0 Lushan earthquake (April 20, 2013) occurred in succession in Wenchuan and its surrounding areas several years after the Ms8.0 Wenchuan earthquake; therefore, it is necessary to conduct relatively in-depth studies on the recent activity related to the structure of Sichuan and its surrounding areas. The characteristics of the crustal deformation strainestress field in the Sichuan region after the Ms8.0 Wenchuan earthquake served as the basis for studying the gestation and occurrence of the Lushan earthquake; repeated GPS measurements by the GPS network in China mainland since 2009 have laid the foundation for studying the current structural deformation in this region [9] . In this study, the block movement and strain parameters in Sichuan and its surrounding areas were calculated by block via a block movement model using GPS data for 2009e2011. The activity and strainestress state of the shallow and deep parts of the main fault zones, i.e., the Longmenshan fault zone and the Xianshuihe fault zone, in this region were studied using regional network data for 2009e2011 and continuous observation station data for 2011e2013.
Calculation of stressestrain field
Based on observation data from the regional GPS network for 2009e2011 and the continuous stations for 2011e2013, we calculated the station rates under a global framework using the GAMIT/GLOBK software, and then grouped the GPS stations based on the geological tectonic units. Then, we calculated the movement field and strain field of various tectonic blocks, the strainestress state in the block boundary fault zone caused by block movement and interaction, and the block activity using the block movement equation (1) [10] . For details on the division of structural areas and fault zones in the calculation, please refer to references [5e8,10e13] .
where, u x , u y , and u z are rotation parameters, and A 0 , B 0 , C 0 , x 1 , x 2 , x 3 , z 1 , z 2 , and z 3 are strain parameters. The left side of the equation is the station rate, where V e is the east-west movement component, and V n is the south-north movement component. The first term on the right side of the equation is the overall rotation movement, and the second, third, and fourth represent continuous deformations in a block. Fig. 1 shows the movement vectors of the Bayan Har block and the SichuaneYunnan rhombus block relative to the Sichuan Basin calculated based on GPS observations in 2009 and 2011. As shown in the figure, the western part of the Bayan Har block in the study region is moving in the NEE direction, and the eastern part is moving SSE. The movement rate of the western part is relatively large, at 18.77 mm/a, and that of the eastern part is 8.77 mm/a; the difference is 10 mm/a, and the movement rate decreases gradually from west to east, reflecting compression in the eastern part.
Movement field
The displacement vectors of the SichuaneYunnan rhombus block show that the northern and southern parts are moving eastwards and southwards, respectively, and the movement direction turns gradually from north to south. The movement rate of the northern part is 18.31 mm/a, and that of the central part is 8.15 mm/a; the difference is more than 10 mm/a. The directions of the displacement rate vectors of the SichuaneYunnan rhombus block change rapidly from E/SE/S from north to south, and the block mainly exhibits a clockwise rotation movement around the western part.
The movement difference in the Sichuan Basin is relatively weak; the northern part is moving southwards at a rate of 4.42 mm/a, while the southern part is moving insignificantly, indicating that the Sichuan Basin is relatively stable.
4.
Principal strain field
The GPS station rates during 2009e2011 were grouped by block unit and the strain rates were calculated; the results are shown in Fig. 2 . In the Bayan Har block, the average principal compressive strain rate is À24.59 Â 10 À9 /a, the principal compressive strain axis direction is NE88. 7 , the principal tensile strain rate is 25.37 Â 10
À9
/a, and the principal tensile strain axis direction is NW358. 7 . In the central and western parts of the Bayan Har block in the study region, the principal compressive strain rate, principal compressive strain axis direction, and principal tensile strain rate are À32. /a, respectively, in the southern area. The principal compressive strain rate is largest in the northern area, followed by the southern area, and it is relatively small in the central area; the principal compressive strain rate shows evident differences in different sections. Near the Longmenshan fault zone in the eastern part of the Bayan Har block in the study region, the principal compressive strain rate, the principal compressive strain axis direction, and the principal tensile strain rate are À31.63 Â 10
/a, SE105.3 , and 27.74 Â 10
/a, respectively. From north to south in the Bayan Har block in the study region, the principal compressive strain axis direction turns gradually NEE / EW / SEE; the principal tensile strain rate is slightly larger than the principal compressive strain rate in the central and western parts, and opposite in the eastern part.
In the SichuaneYunnan rhombus block, the average principal compressive strain rate, principal compressive strain axis direction, and principal tensile strain rate are À14.92 Â 10 À9 /a, SE130.1 , and 20.67 Â 10
/a, respectively. The principal compressive strain rate and the principal compressive strain axis direction are À19.59 Â 10 À9 /a and SE97. 7 , respectively, in the northern part of the block; and À12.09 Â 10 À9 /a, and SE127.9 , respectively, in the central part.
The principal compressive strain axis turns gradually SEE / SE from north to south, and the principal compressive strain rate decreases somewhat. In the Sichuan Basin, the average principal compressive strain axis direction, average principal compressive strain rate, and principal tensile strain rate are NE67. 5 ,
/a, and 6.48 Â 10
/a, respectively. The principal compressive strain axis direction and principal compressive strain rate are NE64.0 and À10.82 Â 10
/a, respectively, in the northern part of the basin, and SE103. 5 , and À15.68 Â 10
/a, respectively, in the southern part. The principal compressive strain axis direction turns NEE / SEE from north to south, and the principal compressive strain rate in the north is smaller than that in the south.
The above shows that the principal compressive strain axis varied regularly, turning from NEE to SE on the whole in the Bayan Har block, the SichuaneYunnan block, and the Sichuan Basin. The principal compressive strain rate is relatively larger in the northern and southern parts of the Bayan Har block and relatively small in the center; relatively larger in the northern part of the SichuaneYunnan block and relatively small in the middle; and relatively larger in the southern part of the Sichuan Basin and relatively small in the northern part. Among the three blocks, the Bayan Har block has the largest principal compressive strain rate, followed by the SichuaneYunnan block and the Sichuan Basin.
5.
Maximum shear strain rate
The maximum shear strain rates in Sichuan and its surrounding areas calculated from block parameters are shown in Fig. 3 . The maximum shear strain rate is over 100 Â 10 The Longmenshan fault zone, as a block boundary, has relatively dense isolines of maximum shear strain rate; the maximum shear strain rate differs significantly on both sides of the fault zone; in particular, the maximum shear strain rate decreases from 80 Â 10 À9 /a on the western side of the northeast section of the fault zone to 10 Â 10 À9 /a on the eastern side. There is a difference of 30 Â 10 À9 /a in the maximum shear strain rate between the eastern and western sides of the southwest section. The Xianshuihe fault zone mainly exhibits a turning belt of isolines of the maximum shear strain rate and 
the differences in the rate are not as intense as those in the Longmenshan fault zone.
Activities in the fault zone
Activity at a boundary fault between active blocks is controlled by the non-uniform activity between the two adjacent blocks. The activity in a boundary fault zone depends on the different movement states of the adjacent blocks under different action forces. Therefore, the activity at a boundary fault reflects the overall activity of the adjacent blocks; in other words, the overall activity of the blocks can represent the activity at the boundary fault. It is well known that the overall block activity is a result of deep tectonic movements, and therefore, in this study, the activity rate and strain rate in the boundary fault calculated from the overall activity parameters of the blocks are considered to represent the activity at depth in the boundary fault zone, and the activity rate and strain rate in the fault calculated from the station rates near the boundary fault are considered to represent the state of the shallow crustal activity in the fault. Therefore, the deformation strain characteristics and stress states at the two boundary fault zones, i.e., the Longmenshan fault zone and the Xianshuihe fault zone, were analyzed for both the shallow and deep areas. These two fault zones are also important active earthquake zones in Sichuan and its surrounding areas.
6.1.
The Longmenshan fault zone
(1) Deep activity
The strain rate perpendicular to the strike of a fault zone is defined as the normal strain rate along the strike of the fault zone, and it determines the compressive or tensile activity state of the fault. The shear strain rate parallel to the strike of a fault zone (i.e., the shear strain rate in a fault zone) determines the strike slip activity in the fault. The Longmenshan fault zone is the boundary zone between two Class I active blocks, i.e., the South China block, and the QinghaieTibet block, and therefore, the parameters of the South China block and QinghaieTibet block were calculated with equation (1) . Then, the rates of the corresponding points on both sides of the fault zone were solved with the obtained parameters, and the activity rate in the fault zone was obtained by subtracting the rates of the corresponding points. The results are shown in Fig. 4 During the two time periods, i.e., 2009e2011, and 2011e2013, both the dislocation rate and normal strain rate in the Longmenshan fault zone indicate that squeezing activity was dominant, with the minimum normal strain rate reaching below À1 Â 10 À7 /a and the strain energy being accumulated rapidly.
(2) Shallow activity
The strain displacement rate vector and normal strain rate in the fault were calculated with the parameters obtained from the GPS station movement rates near the fault zone, and they reflect the strainestress state and activity state at the shallow layer of the fault in the upper crust. The dislocation rate in the Longmenshan fault zone was calculated for the southeast wall relative to the northwest wall with the northwest wall of the fault zone as the reference. During 2009e2011, the shallow strain displacement rate vectors in the Longmenshan fault zone pointed to the fault, indicating significant compressive activity. The included angle between the vector direction and fault strike decreased and the vector direction and fault strike exhibited oblique intersection, with increase 
in the strike slip movement in the southwest section compared to the northeast section of the fault. The dislocation rate in the fault was 2.99 mm/a on average, with a dextral strike slip rate of À1.43 mm/a and compression rate of À2.57 mm/a (Fig. 5a) .
During 2009e2011, the shallow normal strain rate in the Longmenshan fault zone was À24.30 Â 10
À9
/a on average, with a maximum and minimum of À14.53 Â 10 À9 /a and À29.16 Â 10 À9 /a, respectively, exhibiting compressive activity (Fig. 5b) . The shallow shear strain rate in the Longmenshan Fault was À29.78 Â 10 À9 /a on average, exhibiting dextral shear. During 2011e2013, the shallow dislocation rate and dislocation direction in the Longmenshan fault zone were 1.16 mm/a and SW255. 3 , respectively, with a dextral strike slip rate component of À1.00 mm/a and compression rate component of À0.59 mm/a (Fig. 5c) . The shallow activity rate in the Longmenshan fault zone indicates that the fault was dominated by dextral strike slip during this time. During 2011e2013, the shallow normal strain rate and shear strain rate in the Longmenshan fault zone were À5.00 Â 10
/a and À18.47 Â 10 À9 /a, respectively (Fig. 5d) . On the whole, the strain rates were small, and the shear strain rates were larger than the normal strain rates, exhibiting squeezing-dextral shear.
In summary, the activity at depth in the Longmenshan fault zone during 2009e2011 and 2011e2013 were dominated by squeezing, with normal strain rates being relatively large and compressive and shear strain rates being relatively small. The shallow activity was evidently smaller than that at depth. The shallow normal strain rate and shear strain rate differed little during 2009e2011, and the shear activity was stronger than the squeezing activity during 2011e2013.
6.2.
The Xianshuihe fault zone /a, respectively. The normal strain rate was larger than 0, indicating tensile conditions (Fig. 6b) . The shear strain rate in the Xianshuihe Fault was 46.66 Â 10
À9
/a on average, with a maximum and minimum of 66.04 Â 10 À9 /a and 25.83 Â 10 À9 /a, respectively. The shear strain rate was larger than 0, indicating sinistral activity.
During 2011e2013, the deep dislocation rate and dislocation direction in the Xianshuihe fault zone were 10.33 mm/a and NW349. 6 , respectively, with a strike slip component of 7.89 mm/a, tensile component of 6.06 mm/a, and strike slip rate being slightly larger than the tensile rate. The normal strain rate in the Xianshuihe fault zone was 96.97 Â 10
/a on average, with a maximum and minimum of 160.33 Â 10 À9 /a and 36.88 Â 10 À9 /a, respectively. The normal strain rate was larger than 0, indicating tensile conditions. The shear strain rate in the Xianshuihe fault zone was 130.17 Â 10
/a, indicating sinistral shear.
In both time periods, the activity at depth in the Xianshuihe fault zone exhibited strike slip-tension, and the dislocation rate and strain rate in the latter time period were larger than those in the former. The strike slip (shear) activity in the latter time period was somewhat enhanced compared to that in the former.
(2) Shallow activity During 2009e2011, the shallow strain displacement vector direction in the Xianshuihe fault zone was NW348.7
, deviating from the fault (Fig. 7a) , and the fault exhibited tensile- Fig. 5 e Shallow activity in the Longmenshan fault zone. /a, respectively. The normal strain rate was larger than 0, indicating tensile activity (Fig. 7b) . The shear strain rate in the Xianshuihe fault zone was 67.70 Â 10
/a on average, with a maximum and minimum of 85.63 Â 10 À9 /a and 56.36 Â 10 À9 / a, respectively. The shear strain rate was positive, indicating sinistral shear. During 2011e2013, the displacement vector intersected obliquely with the strike of the fault zone (Fig. 7c) , the average dislocation direction in the fault was NW327. 8 , deviating
from the fault. The activity rate was 0.48 mm/a on average, being relatively large in the southeast section and relatively small in the northwest section. The normal strain rate in the Xianshuihe fault zone was 7.02 Â 10
/a on average (Fig. 7d) , with a maximum and minimum of 10.30 Â 10
/a and 4.18 Â 10
/a, respectively. The normal strain rate was positive, indicating tensile activity. The shear strain rate in the Xianshuihe fault zone was 29.60 Â 10 À9 /a. The shear strain rate is evidently larger than the normal strain rate, reflecting that shear activity was relatively strong during this time period.
In summary, during both 2009e2011 and 2011e2013, the shallow shear activity in the Xianshuihe fault zone was relatively strong, and the tensile activity was relatively weak; the fault zone exhibited tensile and torsional activity on the whole.
6.3.
Activity and major earthquake gestation in the fault zones There are differences in the activity at depth between the Longmenshan fault zone and the Xianshuihe fault zone in both time periods. At depth, the Longmenshan fault zone was dominated by compression, and also included dextral shear, while the Xianshuihe fault zone exhibited tensile sinistral shear.
The normal strain rate at depth in the Longmenshan fault zone reached above À1 Â 10 À7 /a during both 2009e2011 and 2011e2013, and that in the latter time period was larger than that in the former time period; the high squeezing strain rate enabled the rapid accumulation of strain in the fault zone and the gestation and occurrence of strong earthquakes. The rapid accumulation of strain in the Longmenshan fault zone during the two time periods was a necessary precondition for the gestation and occurrence of the Ms7.0 Lushan earthquake on April 20, 2013. The normal strain rate at depth in the Xianshuihe fault zone was smaller than that in the Longmenshan fault zone, with tensile activity occurring during both time periods on the whole. The tensile action in the fault zone was favorable neither for locking nor for the accumulation of strain energy.
The /a, respectively, exhibiting sinistral shear. On the whole, the shear strain rates in the Xianshuihe fault zone were larger than those in the Longmenshan fault zone. The large shear strain rates in the fault zones were helpful for strike slip movement and dislocation in the fault.
Strong compressive normal strain in a fault zone is favorable for fault locking and accumulation of strain energy, and is an important condition for the gestation and formation of strong earthquakes. There was also strong squeezing activity in the northwest of the Yushu fault zone before the Ms7 Yushu earthquake [14] .
Conclusions
(1) The displacement rate vectors in the crust of the Sichuan region show that, in the study region, the Bayan Har block belonging to the QinghaieTibet subplate moved toward NEEeE, the SichuaneYunnan block moved toward EeSEeS, and both of them basically changed continuously. The displacement rate vector direction of the SichuaneYunnan block changed relatively rapidly. The Sichuan Basin belonging to the South China subplate had a very small displacement rate vector, indicating it was relatively stable. (2) The principal compressive strain rates of various blocks in the Sichuan region reveal that, during 2009e2011, the Bayan Har block in the study region had a relatively large principal compressive strain rate, the SichuaneYunnan block had a moderate principal compressive strain rate, and the Sichuan Basin had the smallest principal compressive strain rate. The principal compressive strain axis distribution reflects that the principal compressive stress axis exhibited a NEEeEW strike in the Bayan Har block, SE strike in the Fig. 7 e Shallow activity in the Xianshuihe fault zone. 
SichuaneYunnan block, and NEEeEWeSEE strike in the Sichuan Basin. (3) The station shear strain rates in the Sichuan region show that the Bayan Har block had the largest shear strain rate, with the maximum reaching over 100 Â 10 À9 /a, followed by the SichuaneYunnan block, and the Sichuan Basin. (4) The activity at depth in the Longmenshan fault zone during 2009e2011 and 2011e2013 was dominated by squeezing, with a relatively large and compressive normal strain rate and a relatively small shear strain rate. The shallow activity was evidently weaker than that at depth. The normal strain rate at depth and the shear strain rate differed little during 2009e2011, and the shear activity was stronger than the squeezing activity during 2011e2013. (5) The activity rates at depth and the normal strain rates in the fault zones calculated from the block movement parameters reveal that different block movements caused the differences in the activity and strainestress state in the boundary fault zones. Although the shallow activity in the fault zones helped in the gestation of strong earthquakes, they were not as intense as the activity at depth. Therefore, obtaining the dislocation rate and normal strain rate of a fault zone from block movement parameters can help in the evaluation and understanding of the strain energy accumulation degree and risk of major earthquakes in a fault zone. The shallow activity intensity was evidently lower than that at depth in the fault zones in the study area.
